An overview of the impact of the equalization process on performance and behavior of Valve Regulated Lead-Acid (VRLA) batteries, which are a generally used in Hybrid Power Systems (HPS) is given in this paper. In order to extend the life time and runtime of batteries, an equalization process, with a good precision is required. Indeed, as mentioned in prior works, to achieve voltage equalization, the process must have a precision around 10 mV/cell. We have focused the impact of an unbalanced cells voltage on their lifetime. Typically, there are two equalization systems: While the active cell equalization processes remove charge from higher energy cell(s) and deliver it to lower energy cell(s), the passive methods, based on resistor element, remove the excess charge until the charge matches those of the lower cells in the same pack. It shows that the performance of active systems is significantly better than passive systems. Experimental results show that even for maintenance free batteries, a periodic equalization process is needed in order to extend their lifespan.
Introduction
A Valve Regulated Lead Acid (VRLA) battery is the most frequent battery used in Hybrid Power System (HPS) for remote communities or for backup of telecommunications systems. In fact, VRLA batteries are considered to be maintenance free, where the electrolyte does not require replacing over the life of the battery, and a valve is used to liberate any excess pressure that may build up if the battery were failing. In recent years, even for stationary or transportation applications, multiple serial cells are used and push the battery performance to the extreme. Indeed, numerous applications will be using series connected battery strings with dc-bus nominal voltage from 12 V to 300 V or more to achieve a power source. A single current is imposed to all of these cells. The individual cells within a battery string differ due to several reasons such as a manufacturing variations, temperature gradients, and aging effects. While the battery pack with some of cells connected in series being charged and discharged, the individual cells will have dissimilar voltage, and then different States of Charge (SOC). Some cells will be continually overcharged, under-charged, or over-discharged. Over many cycles, this tends toward the capacity decrease for the cell and then for battery packs [1] . This effect can ultimately lead to a rapid degradation of battery performance and even their failure. For this reason, an equalization system is necessary, mainly for both VRLA and lithium-ion batteries [1] [2] [3] [4] . In any battery charging process, a solution to ensure a voltage balance or equalization of the charge is needed to restore balance or at least prevent it from developing [5] . A conventional equalization systems perform a charging process up to a sufficient potential or make several charge steps at high voltages in order to ensure a same overvoltage of all of the cells [5] .
Several active and passive methods have been proposed to replace the technique based on the overcharge equalization (equalization voltage-based). In [6] , the most common method is described in which dissipative elements (either resistance or a transistor operated in its linear regime) are activated in individual cells as they reach the maximum allowable pressure. There are many disadvantages to this approach, such as the power dissipation. Thus, this technique dissipates a substantial energy and do not scale well to large batteries. In addition, the clamp does not affect the upper end of the charge cycle. This offers no protection against excessive discharge and would have no influence on the performance of the string, and then the batteries are not fully charged. Typically, the voltage setting of the action is predetermined and fixed, and can be adjusted for temperature compensation or adapted easily to different chemistries. The main advantage of a dissipative technique is its simplicity [1] .
A Direct clamping method, which is equivalent to placing a Zener diode through a cell or monobloc, is also frequent. This technique has the same characteristics as the dissipative methods. The advantage is that this technique is passive, and achieves its function without requiring any external sensing system [8] .
As an alternative to dissipative techniques, active methods which use power switching techniques have been introduced. The most active equalization methods are built around standard or modified dc-dc converters [1] . Some of these methods are isolated, using forward [7] [8] [9] or a Flyback converter as reported in [10] . Isolated techniques tend to be voltage controlled. Using an input side tension control and relies on precision transformers with many windings to balance individual piece are listed in [11] . Others authors use a buck-boost converters [12] [13] or boostbuck converters [14] , or distributed Cuk converter [15] [16] [17] .
A recent alternative is to use a buck-boost converter where inductor is replaced by a resonant tank in place of the inductor for a quasi-resonant zero current switching converters [1, 18] . This is essentially equivalent to the quasiresonant version reported in [19] . Non-isolated dc-dc converters methods tend to focus on controlling the current by sensing the voltage difference between cells or batteries-driving positive or negative current to drive the difference to zero. They all share required for magnetic components, whether inductors, transformers, or coupled inductors [1] .
The configuration of dc-dc converters for charge equalization can be configured in many ways. Indeed, in a modular approach, each converter equalizes two adjacent batteries. In this case, the entire system requires fewer modules than the number of batteries. Otherwise, the full charge equalization system can be built to permit an appropriate circulate power [1] .
Each of these systems has its advantages and disadvantages in terms of equalization speed, circuit complexity, number of parts needed in the application (in terms of nominal current for switching elements and the breakdown voltage for diodes), but they all need the information on the SOC to make the appropriate control [20] .
Even though several works dealing with respect to equalization problem have considered long series strings (100 or more cells in series), issues of charge equalization have extended down to short strings of just a few cells [5] . A conventional block of six lead-acid cells was tested with a voltage-limited charge process, in which the maximum charge potential is kept below 2.35 V for each cell [21] . It has been shown that when the load is extended from 12 to 16 hours, the charging process has sufficient time to recover.
To achieve properly a charging equalization, there are many keys must be addressed such as [5] :
The benefit of equalization process;
The impact of the equalization process on extension of a lifetime or reduce cost;
The accuracy of the process for each cell to achieve successfully a charge equalization;
In this paper, we have achieved an overview study of charge equalization, with the focus on the impact on batteries lifetime and runtime. Experimental analysis has been accomplished, the show batteries degradation and the advantage to add an appropriate and effective equalization solution. This paper is organized as follows. Factors which contribute to accelerated aging mechanisms of batteries are addressed in section 2. Section 3 describes the impact of unbalanced voltage on the lifespan of batteries, where experimental results are presented. Finally, a conclusion about the effectiveness and the performance of the proposed equalizing system are outlined.
Main factors affecting batteries life
The VRLA batteries which are widely used for standby service due to their reliability are destined for earlier degradation even in ideal conditions. Despite their maintenance free characteristics, VRLA batteries will fail sooner when used in certain conditions such as [22] :
Corrosion of the positive grid structure due to oxidation of the grid and plate materials. This factor, which is unavoidable, is the most common natural failure for lead-acid batteries. Loss of active material from the positive plate.
Physical changes in the active material of the positive plate leading a loss of capacity. Elevated temperatures reduce battery life. Indeed, an increase of 8.3 C can reduce lead-acid battery life around 50% or more. A frequent deep-discharge cycle contributes to reduce the lifetime of the batteries.
Overcharging can cause an excessive gassing, and a high float voltage causes a higher positive plate corrosion rate. To overcome a potential damage, after discharge, recharging process must be controlled to 10% of the discharge current. The most consequence of the undercharging is the sulfation, which can damage the plates. Moreover, a low voltage reduces capacity due to self-discharge phenomena. VRLA batteries are considered to be very sensible to ripple dc-current. Indeed, this can lead to cell heating and will accelerate the degradation of cells. Some manufacturers provide an acceptable minimum frequency of voltage ripple to prevent an additional battery heating. A typical cycling performance of VRLA batteries is illustrated in Figure 1 , where the impact deep of discharge (DOD) on battery lifetime is addressed.
There are other factors which are considered as aging mechanisms such as an improper storage and misapplications where batteries are used in not designed applications.
A reduction to 80% of the rated capacity is commonly defined as the end of life for VRLA batteries. In fact, under 80% of rated capacity, the degradation of batteries will be accelerated, and a sudden failure is expected due to several factors such as a high discharge rate. Even they are considered maintenance free, VRLA batteries require a periodic maintenance program must be planned. Indeed, even under recommended conditions, batteries can observe a sudden failure. Figure 2 illustrates the impact of using an active equalization system for a pack of batteries. Indeed, with an active equalization system, a pack of batteries accomplishes at least 450 charging/discharging cycles, where the pack of batteries without active equalization reaches only 140 driving cycles.
Impact of unbalanced voltage on lifespan of VRLA batteries
The unbalance between cells or battery voltages due the difference in their capacities, damage, and operating temperature will be accelerated by the charge and discharge cycles. This will cause over-charging, deep discharging, decrease time storage capacity and lifespan. Figure 3 shows the measured current for four VRLA installed in TechnoCentre Eolien (TCE) microgrid (MG). As we can see, the unbalance voltage of connected batteries strings is up to 3 V. This means that these batteries/cells have not had the same SOC. Fig. 4 illustrates the evolution of the voltage of the same four VRLA batteries, which were installed at the same time. As we can see, these batteries have not the same voltage, which mean that their capacities are not the same.
The charge unbalance contributes to reduce battery lifetime [24, 25] . In practice, the recharge of cells connected in series must be stopped when the cell that has the highest voltage reaches its critical level. Thus, other cells are not fully charged. On the other hand, when cell that has the lower voltage reaches its critical value, the discharging process must be turned off. Thus, the battery's capacity is limited by the cell with a low voltage. In order to extend the battery life cycle and prevent failure to the cells as described above, it is recommended that all the serial cells have the same SOC during battery operations. Consequently, the use of an equalization process is necessary.
VRLA batteries maintenance requirement for buckup applications
In order to increase battery lifetimes, reduce replacement costs, and improve reliability, VRLA batteries must be equipped with a monitoring system and undergo a proper maintenance and testing program. Indeed, replacement costs significantly increase the cost of a Battery Management System (BMS). Moreover, a number of systems allow for proper assessment of battery SOH by estimating the internal resistance of each cell/battery. This method is easier and more cost-effective compared to a capacity testing approach. The most simple way to track battery SOH is to know the baseline value of its internal resistance at 100% capacity (acceptance test), and then to periodically (quarterly for VRLA batteries) compare internal/intercell resistances to baseline values.
A number of recommendations from industry experts exist, such as the IEEE 1188 standard for VRLA batteries which can be applied in maintenance inspections. Note that visual inspections should be performed at least once a year. Continuous connection of the BMS can also significantly increase overall reliability of the system. On the other hand, a BMS can help to avoid loss of data, and to determine the optimal time for replacement. Figure 5 shows the block diagram of TCE's test bench, with a 7.5 kW Wind Turbine Generator (WTG) based on Direct-Drive (DD) Permanent Magnet Synchronous Generator (PMSG) to supply the VRLA battery bank via a controlled rectifier, which allows the optimization of the wind power generation. In order to validate the effectiveness of the active equalization process, a device illustrated in Figure 6 from HDM was used with a four 12 V Deka monobloc VRLA battery connected in series. The full charge of these batteries cannot exceed 14.6 V, and can be discharged up to 10.5 V. The active equalization system used in this paper is illustrated in Figure 6 balances voltage among four connected batteries strings during charge, discharge and even idle phases. In fact, this system contributes to prevent a severe undercharge and overcharge voltage which can lead to the rapid degradation of the performance, the reliability and life of battery. The active equalization ensures a balancing voltage between batteries within ± 0.4 V. Figure 7 illustrates the dc-current from rectifier, a dc bus voltage and the estimated power from WTG respectively. Figure 8 shows the evolution of the stack's voltage with a battery equalizer system installed on the battery bank at TCE's facility. Fig. 7 . Evolution of the stack's voltage with a battery equalizer system installed on battery bank (connected in series) at TCE's facility It can be clearly seen on these figures that battery voltage imbalances are widely removed during the test cycle, when wind power is available. However, battery n°3 is being undercharged during the discharge cycle and overcharged (gassing) in the charging and equalizing cycles, while the rest of the remaining batteries have the same voltage due to the battery equalizer system. This means that battery n°3 have a greater internal resistance compared to the rest of the batteries. This means that the capacity of battery 3 is seriously diminished, and should be replaced. Fig. 8 . Evolution of the stack's voltage with an active battery equalizer system installed on battery bank (connected in series) at TCE's facility
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This paper has discussed the degradation phenomena of VRLA batteries used in a hybrid power system for remote applications. We have addressed some factors that are held responsible of the rapid degradation of batteries. Moreover, we have demonstrated the importance to pay attention to the maintenance even for VRLA batteries, which are considered as maintenance free. Indeed, using a battery management system can help assess the state of health of batteries by periodically conducting suitable tests with respect to recommendations of industry experts.
Using an appropriate battery management system which provides sufficient information to users can help properly track the capacity of batteries and determine the optimal moment for their replacement. Indeed, this approach can help to prevent some phenomena believed to accelerate the aging mechanisms of batteries such as irreversible sulphation, corrosion, stratification and softening.
Moreover, connecting batteries in a series in backup applications involves an imbalance in battery voltage which can significantly reduce their lifespan. Experimental tests have demonstrated the effectiveness of the active equalization system in order to avoid an unbalance voltage of connected battery strings. Furthermore, experimental tests have shown that the active charging equalization system can help to detect damaged batteries for its appropriate replacing. The future works will address the impact of the active equalization methods on the efficiency of the VRLA batteries, and the aging phenomena by tracking the evolution of their capacities.
